The genomes of herpesviruses including human cytomegalovirus (CMV) are double-stranded DNA molecules maintained as episomes during infection. The viral DNA lacks histones when encapsidated in the virion. However, it has been found histone-associated inside infected cells implying unidentified chromatin assembly mechanisms. Our results indicate that components of the host cell nucleosome deposition machinery target intranuclear CMV DNA resulting in stepwise viral chromatin assembly. CMV genomes undergo limited histone association and nucleosome assembly as early as 30 minutes after infection via DNA replication-independent mechanisms. Low average viral genome chromatinization is maintained throughout the early stages of infection. The late phase of infection is characterized by a striking increase in average histone occupancy coupled with the process of viral DNA replication. While the initial chromatinization affected all analyzed parts of the CMV chromosome, a subset of viral genomic regions, including the major immediate-early promoter, proved to be largely resistant to replication-dependent histone deposition. Finally, our results predict the likely requirement of an unanticipated chromatin disassembly process that enables packaging of histone-free DNA into progeny capsids.
Introduction
The DNA within our cells exists in the form of chromatin. The basic building block of eukaryotic chromatin is the nucleosome, which contains 146 bp of DNA wrapped nearly twice around an octamer of the four core histone proteins H2A, H2B, H3, and H4 (30) . DNA replication-coupled nucleosome assembly normally occurs during S phase of the cell cycle. At the replication fork, parental nucleosomes are distributed between the two nascent chromatids and the remaining gaps are filled by de novo histone deposition (21) . Nucleosomes are assembled in a two-step process where a tetramer of H3 and H4 or two H3-H4 dimers are first deposited onto DNA and then two dimers of H2A-H2B are added (6, 52) . Disassembly of a nucleosome likely reverses these steps (14) . H3-H4 complexes are initially positioned by the chromatin assembly factor 1 (CAF1) multisubunit chaperone, which is tethered to the replication processivity clamp (proliferating cell nuclear antigen, PCNA). Other histone chaperones including anti-silencing factor 1 (ASF1) synergize with CAF1 to promote nucleosome assembly during DNA replication (44, 47) . Although the replication-coupled pathway accounts for the bulk of normal cellular nucleosome assembly, a fraction occurs outside S phase and has been termed replicationindependent nucleosome assembly (1).
The herpesvirus family encompasses a group of large, ubiquitous DNA viruses with eight human pathogenic members. Human cytomegalovirus (CMV), also known as human herpesvirus 5, establishes unvariably life-long infections in the majority of people worldwide. Primary CMV infections or viral reactivations can cause life-threatening diseases in immunologically immature or compromised individuals, including AIDS patients, transplant recipients, and congenitally infected neonates (34) . Completion of one productive infectious cycle takes about 48 to 96 h in primary human fibroblasts, which represent the standard system for the study of lytic CMV infection. Following host cell entry, viral capsids are transported to the nuclear pores, where they release the ~230,000 bp linear double-stranded DNA genomes into the nucleus. After that, the 4 CMV genomes are rapidly circularized and serve as templates for transcription and replication. Viral transcription and genome duplication proceed within discrete nuclear inclusions that develop from small sites known as promyelocytic leukemia bodies or nuclear domain 10 (8) and take over large parts of the nuclear space at late times post infection. During productive infection, roughly 200 CMV genes are expressed in a tri-phase cascade pattern (34) . Immediate-early (IE) gene products are transcribed within the first hours post infection in the absence of de novo viral gene expression and protein synthesis. They include the major IE proteins IE1-72kDa and IE2-86kDa, which antagonize innate and intrinsic immune responses and activate expression of early gene products (9, 32, 42, 53, 54) . The early proteins are typically involved in the process of viral DNA replication, which starts around 24 h post CMV infection in primary human fibroblasts. It has been proposed that the initial steps in DNA replication of herpesviruses take place by a theta-like mechanism, followed by a rolling-circle mechanism at later stages of the lytic infection cycle (34) .
Activation of late gene expression requires viral DNA synthesis and produces the regulatory and structural proteins involved in progeny virion assembly and release.
From the earliest work, the genomes of herpesviruses were believed to be completely free of histones when encapsidated in virions (3, 4, 12, 16, 27, 43) . This view has been confirmed by more recent work including western blotting experiments with purified herpes simplex virus type 1 (HSV-1) capsids (41) and mass spectrometry-based proteome analyses of Epstein-Barr virus (EBV), Kaposi's sarcoma-associated herpesvirus and CMV particles (33) . A series of studies also provided evidence for an exclusively or at least predominantly non-nucleosomal structure of intranuclear herpesvirus genomes in productively infected cells (27, 28, 36, 37, 43, 50) .
Furthermore, it has been reported that HSV-1 DNA accumulates in replication compartments that exclude histones (35, 49) , and no evidence for replication-coupled viral chromatin assembly was found in these infections (41) . Nonetheless, recent chromatin immunoprecipitation (ChIP) experiments have revealed that histones H3 and H4 as well as posttranslationally modified core histone forms are associated with HSV-1 and CMV genomes inside lytically infected cells (18, 20, 
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on July 7, 2017 by guest http://jvi.asm.org/ Downloaded from 5 23, 38, 40, 41, 46) . Dynamic changes in histone occupancy likely have major impact on viral DNA metabolism including transcription, replication, and repair.
Here, we systematically analyzed the dynamics of histone and nucleosome occupancy on CMV episomes during the temporal course of a productive infection in resting primary human fibroblasts. Our results define discrete, consecutive stages of CMV genome chromatinization in these cells including DNA replication-independent and -dependent mechanisms. The data also reveal that viral genomes become more extensively chromatinized than has been anticipated during the lytic cycle of herpesvirus infection. Eagle's Medium (DMEM) supplemented with 10% fetal calf serum, 100 U/ml penicillin, and 100 µg/ml streptomycin. Cells were cultured at 37°C in a humidified 5% CO 2 atmosphere and growtharrested early passage cells (15-25 population doublings before senescence) were used in all experiments. To arrest fibroblasts by contact inhibition, cultures were kept in a fully confluent state for ten days with a single media change after three days. Virus was grown on MRC-5 cells and titered by standard plaque assay on growth-arrested fibroblasts. All infections were carried out at a multiplicity of 5 plaque forming units per cell with the Towne strain of CMV (32) . The DNA polymerase inhibitors aphidicolin and phosphonoacetic acid (PAA) were purchased from Sigma- mM NaCl, 5 mM EDTA) were added and, after scraping off the remaining cells, the suspension was transferred to a reaction tube and incubated for 15 h at 37°C for complete lysis. DNA extraction was performed twice with phenol/chloroform/isoamyl alcohol (25:24:1) and once with chloroform in Phase Lock Gel Heavy tubes (Eppendorf). Exactly 600 µl of the final aqueous phase were incubated with 0.25 µg of DNase-free RNase (Roche) for 1 h at 37°C. DNA precipitation was performed by addition of 60 µl 3 M sodium acetate (pH 5.2), 20 µg glycogen (Roche) and 1.65 ml ethanol. As soon as a white stringy precipitate was visible, it was spooled out with a glass microcapillary, washed briefly in 70% ethanol, air-dried for a few seconds and dissolved in 60 µl of TE buffer (10 mM Tris [pH 8.1], 1 mM EDTA). The rest of the sample was incubated overnight at -20°C to precipitate shorter DNA fragments. After centrifugation (30 min, 4°C, 16,000×g), the DNA pellet was washed with 70% ethanol, air-dried and dissolved in 60 µl TE buffer containing the spooled-out DNA.
MNase-digested and non-treated control samples (13 µl) were loaded on 1.2% agarose gels and run for 3 h at 120 V in TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA). The gel was stained with 0.5 µg/ml ethidium bromide in double-distilled water for 30 min, photographed and washed twice for 30 min in ample denaturation solution (3 M NaCl, 400 mM NaOH).
Following 15 min of incubation in transfer solution (3 M NaCl, 8 mM NaOH), the transfer stack was assembled using a TurboBlotter unit with a Nytran SuperCharge membrane (Whatman) that had been equilibrated in transfer solution. Downward capillary transfer occurred overnight after which the positively charged nylon membrane was incubated for 5 min in neutralizing buffer (200 mM sodium phosphate [pH 6.8]). DNA was crosslinked in a Stratalinker 1800 UV crosslinker from Stratagene (240 mJ/cm 2 ). Pre-hybridization was performed at 68°C for at least 4 h in hybridization buffer (6×saline-sodium citrate [SSC], 5×Denhardt's solution, 0.5% SDS, 100 µg/ml denatured salmon sperm DNA). For preparation of the hybridization probe, 90 ng of RsaI-digested Towne BAC DNA were denaturated for 3 min at 95°C in a volume of 45 µl, cooled quickly in icewater, mixed with 50 µCi (5 µl) 32 P-labeled deoxycytidine triphosphate (GE Healthcare) and an with 1% formaldehyde added directly to the culture medium, followed by a 5 min incubation with 125 mM glycine at room temperature to stop the reaction. Cells were washed twice with ice-cold phosphate-buffered saline without calcium and magnesium ions (PBS), scraped into ice-cold serum-free culture medium and collected by low speed centrifugation (800×g, 10 min, 4°C).
Subsequently, the supernatant was removed and the cell pellet was snap-frozen in liquid nitrogen.
The second half of the cells was prepared in the same way but without formaldehyde and glycine treatment. After thawing in ice water, the pellet was carefully resuspended in 1 ml SDS lysis µg glycogen, and 830 µl ethanol. This step was followed by an overnight incubation at -20°C. Elution of the chromatin-antibody complexes was carried out by incubation with 250 µl freshly prepared elution buffer (100 mM NaHCO 3 , 1% SDS) at 65°C for 15 min followed by 15 and Alexa Fluor 488 goat anti-rabbit IgG (H+L) (highly cross-adsorbed) (Invitrogen). In a subset of experiments 4',6-diamidino-2-phenylindol (DAPI, Roche) was added to the secondary antibody solution at a final concentration of 0.2 µg/ml. After that, cover slips were washed three times in PBS-T and once in PBS, and mounted on glass slides using ProLong Gold or SlowFade Gold antifade reagent (Invitrogen). Where DAPI was not used, DRAQ5 (5 mM, Alexis) was diluted 1:3000 in SlowFade Gold mounting medium. Slides were analyzed and images acquired using a Leica DMRX epifluorescence microscope equipped with a digital camera system (Retiga, QImaging) or a Zeiss LSM 510 META confocal microscope. Images were cropped and processed

12 using Image-Pro Plus 6.2 (Q-Imaging), Zeiss LSM 510 and/or Adobe Photoshop CS (version 8.0) software.
Western blot analysis.
Whole cell extracts were prepared by sonication in lysis buffer (50 mM Tris [pH 8.0], 50 mM NaCl, 0.1% SDS, 1% Igepal CA-630, 0.5% sodium deoxycholate), and proteins were analyzed as previously described (42) . For a list of antibodies see Table 2 . The DNA isolated from MNase-treated cells and separated in agarose gels was subjected to southern blotting and hybridized to a radioactively labeled DNA probe encompassing the entire CMV genome (Fig. 1A, bottom panels) . No signals were detected in samples from mock-infected cells, while bands of full viral genome length size and specific digestion products were evident in all lanes corresponding to CMV-infected cells. At 2 h after infection, the viral genomic DNA proved to be largely resistant to MNase digestion even at extended incubation with high enzyme concentrations. This observation suggests that most CMV DNA molecules were still present within capsids at this post-infection time point. However, a small proportion of the total DNA was detected in mono-and di-nucleosome-sized fragments at intermediate MNase reaction conditions. This observation shows that at least a fraction and/or subgenomic parts of the input viral DNA molecules were already assembled in nucleosomes by two hours after the initial virus-cell contact.
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In the late phase of infection (48 h), a substantially (>10-fold) larger proportion of total viral DNA was found in nucleosomal fragments as compared to the early time point. Again, mainly mono- Alternatively, it may simply reflect the differences in global accessibility of viral DNA to nuclease digestion. To discriminate between these possibilities, viral chromatin was examined at additional post-infection time points by MNase assay (Fig. 1B) . Comparison between samples from 16 and 48 h post infection clearly demonstrates an increase in nucleosome assembly at similar overall accessibilities of viral DNA.
The presence of core histones in the subnuclear compartments of viral DNA accumulation was confirmed by indirect immunofluorescence microscopy using primary antibodies specific to total H2A, H2B, H3, or H4 proteins. The viral replication compartments were simultaneously stained with an antibody directed against the CMV DNA polymerase accessory subunit ppUL44 (Fig. 2) . Singly stained histone patterns were indistinguishable from double staining results and none of the four histone-specific antibodies detected crossreacting bands on western blots of CMV-or non-infected cell lysates (data not shown). In non-infected cells, each of the four human histone species displayed a relatively even, diffuse or micropunctate nuclear distribution (data not shown). At late times after CMV infection, all core histones were detected both at the centers of viral replication and in the nuclear space outside these structures. However, differences were observed in the extent at which individual histones colocalized with the viral nuclear compartments. H2A was strongly enriched in the periphery and, to a lesser extent, within the viral structures. While H3 was also found to co-distribute with viral replication compartments, this was less evident for H4 and H2B. In fact, H2B appeared to be more abundant outside the viral structures. A modified histone form (H3 di-methylated at lysine 9) known to be underrepresented in CMV chromatin (20) (A. Nitzsche, C. Paulus, and M Nevels, in preparation) was largely excluded from the viral replication compartments thus serving as a negative control. In addition,
ChIP assays revealed that all four human core histone classes were physically associated with the CMV genome both at early and late times post infection (Fig. 4 and data not shown). (34) . Concerning the coding genes, we analyzed both promoter sequences surrounding the transcription start sites (MIE-P, UL54-P, UL32-P) as well as sequences at the 3'-ends of the open reading frames (MIE-T,
UL54-T, UL32-T).
FAIRE was performed at 2 and 48 h post CMV infection of MRC-5 cells (Fig. 3) . At the early time point, substantially larger amounts of FAIRE-extracted DNA were detected from all seven examined viral genomic regions as compared to a GAPDH control indicating a much lower degree of nucleosome association with the CMV genome compared to the cellular locus (data not shown).
At 48 h, FAIRE results indicated an up to 6-fold higher degree of chromatinization at the six viral coding genes compared to the 2 h time point. At the same time we observed only little (<1.5-fold) change regarding the oriLyt and GAPDH (Fig. 3 and data Temporal pattern of histone occupancy on CMV genomes in productively infected cells.
To assess the dynamics of nucleosome association of the CMV genome in a more specific and comprehensive manner, we performed a series of ChIP assays at the seven previously selected viral indicator loci. The analysis was carried out using a rabbit-derived antibody directed against the globular domain of core histone H3 precipitating total amounts of this protein as a surrogate marker of nucleosomes. As a negative control we used normal rabbit IgG. MRC-5 cells infected with CMV were subjected to ChIP followed by quantitative PCR at nine time points between 0.5 and 96 h post infection. Importantly, both the input and the precipitated (output) DNA was quantified, and results are presented as relative output to input ratios to account for the varying copy numbers of viral genomes at different stages during infection (Fig. 4) . between the same time points unless values were normalized to the IgG control. The early phase of low histone occupancy was succeeded by a striking, gradual increase in H3 deposition at the CMV chromosome starting from 24 h and peaking at 48 h post infection (Fig. 4) . At 48 h, the increase in H3 occupancy averaged between ~5-(UL32-T) and ~12-fold (UL32-P) at five out of the seven tested viral loci when compared to the 16 h time point. At the UL54-P and MIE-T sequences, H3 even reached levels comparable to the GAPDH gene at this stage. However, the late histone deposition did not affect all parts of the CMV genome to similar extents as we observed only little change at the MIE-P and the oriLyt (2.7-and 1.8-fold increase, respectively). cellular DNA polymerases, we performed ChIP assays from cells infected for 2 h in the presence of PAA or aphidicolin. PAA is a specific inhibitor of the CMV DNA polymerase, whereas aphidicolin inhibits both CMV and cellular DNA polymerase alpha activities (7, 19) . PAA and aphidicolin were used at concentrations that were confirmed to result in complete inhibition of the respective enzyme activities (Fig. 5C and data not shown). As expected, neither PAA nor aphidicolin had significant effects on the levels of histone H3 deposition regarding all seven indicator regions of the CMV genome at 2 h post infection (Fig. 5B) . These results verify that early CMV chromatin assembly occurs through DNA replication-independent mechanisms.
The late increase in histone deposition on the CMV chromosome temporally correlates with the onset of viral DNA replication (compare Fig. 4 and Fig. 5A ). This observation suggests that late CMV chromatin assembly may be coupled with the process of viral DNA synthesis. To investigate this possibility, we performed ChIP assays from PAA-and non-treated cells at 48 h post CMV infection. Again, PAA was used under conditions which completely inhibited viral DNA synthesis but did not negatively affect cell survival or the levels of GAPDH DNA (Fig. 5C and data not shown). As shown in Fig. 5D , PAA specifically inhibited the late increase in H3 deposition on the viral genome either entirely (UL54-T, UL32-P, UL32-T, oriLyt) or at least to a large extent (MIE-P, MIE-T, UL54-P), while histone occupancy at the GAPDH locus was not affected. From these results we conclude that, for the most part, late CMV chromatin assembly depends on and is most likely coupled to the process of viral DNA replication. The different sensitivities to PAA between the tested viral loci may indicate that in some regions of the CMV genome DNA replication-dependent and -independent mechanisms of chromatin assembly act side by side in the late phase of infection.
Increased levels and relocalization of human nucleosome assembly proteins during CMV infection. CMV genome chromatinization likely involves interactions between viral
components and proteins of the cellular chromatin assembly machinery. To obtain evidence for this view, we analyzed the accumulation and subcellular localization of three key mediators of human nucleosome assembly in CMV-infected fibroblasts: CAF1 p48, PCNA, and ASF1A.
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ASF1A and CAF1 are histone chaperones involved in H3-H4 deposition, while PCNA is a DNA polymerase processivity factor that targets CAF1 to chromatin via direct interaction (44, 47) .
Surprisingly, the steady-state levels of all three cellular proteins increased significantly over the course of infection while the levels of GAPDH did not change (Fig. 6A) . In non-infected cells CAF1, PCNA and ASF1A were predominantly found in a micropunctate nuclear pattern (Fig. 6B-D ). ASF1A was additionally detected in one to several larger intranuclear complexes (Fig. 6D) . In CMV-infected cells, both CAF1 and PCNA were strongly enriched at the sites of viral genome localization and replication in late stage infections, particularly at the 24 h time point (Fig. 6B -C, E). Recruitment of PCNA to viral replication compartments was preceded by CAF1 since only the latter accumulated at the viral structures in the early phase (8 h) of infection ( Fig. 6B-C) . In contrast to CAF1 and PCNA, ASF1A-positive complexes did not exactly colocalize with viral replication compartments but a subset showed juxtaposed association at 8 and 24 h after CMV infection ( Fig. 6D-E) . These results show for the first time that CMV profoundly affects the accumulation and subnuclear targeting of critical host cell chromatin assembly proteins. The data also strongly suggest that components of the human nucleosome assembly machinery act on CMV chromosomes throughout the viral replication cycle contributing to both DNA replicationdependent and -independent viral genome chromatinization. showed that HSV-1 capsids are rich in polyamines and suggested that these, rather than histones or other proteins, serve to neutralize the DNA and enable it to become packed tightly within the capsid (10). Thus, it appears that after the capsid has docked with the nuclear pore, the uncoated herpesvirus genome released into the nucleoplasm is initially "naked" with respect to proteins.
Nevertheless previous work has shown that the DNA of human herpesviruses such as HSV and EBV appears to be largely arranged in a nucleosomal structure inside latently infected cells (5, 48) . Others provided evidence for histone association (18, 20, 23, 38, 40, 41, 46) and at least partial, nucleosomal-like chromatinization of HSV and CMV genomes in productively infected cells (12, 23, 24, 51) . These observations imply de novo deposition of histones on intranuclear herpesvirus DNA.
Initial DNA replication-independent CMV chromatin assembly. In fact, our results show significant deposition of human histones on CMV genomes by 30 min after high multiplicity infection of human fibroblasts (Fig. 4) , and nucleosomal viral DNA was detected as early as 2 h post infection under these conditions (Fig. 1A) . These observations indicate that at least a subset of CMV genomes becomes histone-associated very quickly upon nuclear entry. However, average histone levels at the CMV chromosome were substantially lower compared to a cellular control because it occurred well before the onset of viral DNA synthesis (Fig. 5A ) and was not affected by chemical inhibitors of viral and cellular DNA polymerases (Fig. 5B) . Thus, input DNA episomes of plasmid or herpesviral origin may generally exist in a rather irregularly chromatinized state most likely because replication-independent chromatin assembly mechanisms are generally inefficient compared to replication-coupled mechanisms which account for the bulk of eukaryotic nucleosome assembly. This conclusion would be justified if the episomes formed a largely homogenous group in terms of nucleosome occupancy (Fig. 7A) . However, ChIP and FAIRE assays only measure average histone/nucleosome occupancies. Therefore, our data are also compatible with highly divergent chromatin states between individual DNA molecules resulting in a heterogenous pool of episomes (Fig. 7A) . In this case, a fraction of input CMV genomes may be assembled into nucleosomes while another subset may not become histone-associated at all, perhaps because the cellular chromatin assembly machinery does not have access to the latter group. Indeed, by MNase assay the qualitative pattern of viral DNA present in nucleosomes looks remarkably similar between all tested post-infection time points (Fig. 1) supporting the idea of a rather heterogenous population of early CMV genomes. The MNase accessibility data may also suggest preferential association of viral DNA with di-and/or mono-nucleosomes rather than regular nucleosomal arrays, since more extensive laddering of viral chromatin fragments was not observed (Fig. 1) . Two critical mediators of nucleosome assembly, CAF1 p48 and ASF1A, were enriched in or close to the intranuclear compartments of CMV genome accumulation before the onset of viral DNA replication (Fig. 6B-D) . These proteins are therefore prime candidates among host cell factors that may be involved in early CMV genome chromatinization.
Maintenance of low average histone occupancy on CMV DNA through the early phase of infection. Our ChIP assays revealed that average histone levels at the analyzed regions of the 
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CMV genome stayed generally low troughout the entire early phase of infection (Fig. 4) . Similar results were obtained using the FAIRE technique (data not shown). Again, this may reflect the inefficiency of cellular DNA replication-independent chromatin assembly mechanisms. Since histone deposition likely poses a major barrier to the process of transcription from the viral genome, it is also conceivable that one or more CMV gene products may antagonize further chromatinization or even promote chromatin disassembly to facilitate viral early gene expression.
In support of the latter possibility, the average histone H3 occupancy of viral DNA in several of the analyzed regions dropped between 2 and 16 h post infection (Fig. 4) . Furthermore, there is precedent for a herpesviral protein reducing histone association of viral DNA. ChIP assays showed that the VP16 virion transactivator protein of HSV-1 recruits ATP-dependent chromatinremodeling proteins to viral IE gene promoters. This activity correlated with strongly reduced histone H3 levels at these promoters in the presence of VP16 (15) . It is tempting to speculate that viral tegument or IE transactivators such as pp71 (ppUL82), IE1-72kDa or IE2-86kDa may adopt this function in CMV. In fact, we have previously shown that CMV IE1 and IE2 proteins antagonize histone deacetylation (40) , and acetylation of core histone tails has been linked to increased nucleosome mobility (14) .
DNA replication-coupled CMV chromatin assembly. Our ChIP assays clearly show that the average histone association of the CMV chromosome increases by up to 12-fold concurrent with and largely dependent on the process of viral DNA synthesis (Fig. 4 and Fig. 5D ). In some regions histone H3 occupancy appeared to reach levels comparable to the cellular reference locus, indicating an extent of viral genome chromatinization that has not been appreciated in productively herpesvirus-infected cells (25, 29) . These results are compatible with our MNase, immunofluorescence, and FAIRE analyses ( Fig. 1-3 ). Together they demonstrate unanticipated Therefore, it is conceivable that differences in available histone pools between cell types may contribute to the observed effects. Normally, DNA replication-dependent chromatin assembly occurs in S phase where it is coupled to histone synthesis in order to provide material for nucleosomes. However, we used contact-inhibited, resting cells for all our experiments. Moreover, CMV usually arrests cycling cells at the G1/S border upon infection of primary human fibroblasts (55) and inhibits cellular DNA replication (56). Accordingly, productively CMV-infected cells do not appear to undergo induction of histone synthesis (45) 
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One intriguing finding of this study concerns the fact that not all viral genomic regions under investigation underwent significant DNA replication-coupled chromatin assembly. The MIE-P and the oriLyt proved to be largely resistant to the late increase in histone deposition (Fig. 4) . Since both loci are among the most critical cis regulatory elements in the CMV genome, high affinity binding by cellular and/or viral regulatory non-histone proteins may compete with efficient nucleosome deposition in these regions. Indeed, the analyzed regions in both the MIE-P and the oriLyt include target sequences for sequence-specific DNA binding by the CMV IE2-86kDa protein (17, 22, 26, 31, 57) .
Complete disassembly of CMV chromatin as a prerequisite for DNA packing into capsids? At 72 and 96 h post infection we observed a decrease in histone H3 occupancy at all CMV genomic regions under investigation (Fig. 4) . This effect may either reflect depletion of the available cellular histone pools in the latest stages of infection or active disassembly of CMV chromatin. Since herpesvirus genomes exist as histone-free DNA inside capsids, our results actually imply that the replicated, chromatinized CMV genomes we observe have to either undergo complete disassembly before or during packaging or may not be packaged into capsids at all. In the latter case, a subpopulation of replicated viral genomes must exist in late infected cells which somehow escape from DNA replication-coupled chromatin assembly. It is hard to conceive how a significant proportion of newly replicated viral genomes would stay completely histone-free in replication compartments that harbor histones and accumulate chromatin assembly factors ( Fig.   2 and Fig. 6 ). Moreover, the analogous levels of average histone occupancy between several viral loci and GAPDH at 48 h post infection (Fig. 4) indicate that most if not all viral genomes carry nucleosomes at this stage. Therefore, we favor a scenario in which CMV chromatin disassembly immediately before or, perhaps more likely, during DNA packaging into capsids is a necessary prerequisite for the formation of infectious virions. Here, the activity of unidentified viral and/or cellular ATP-utilizing chromatin remodeling factors, which have the ability to disrupt histone- 
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DNA interactions, would almost certainly be required to allow for packaging of CMV progeny genomes.
Based on the results of this study and the considerations described above we propose a general model in which CMV chromatin is assembled and disassembled in four successive steps (Fig. 7B) . We believe that these epigenetic events are relevant to all viral DNA-based processes in Step I:
limited initial, DNA replication-independent nucleosome assembly on "naked" input viral genomes.
Step II: maintenance of low chromatinization levels and partial chromatin disassembly.
Step III: DNA replication-dependent nucleosome assembly resulting in chromatinization of most or all newly synthesized viral genomes (note that a subset of viral genomic regions is largely resistant to this step).
Step IV: Complete chromatin disassembly in a fraction of replicated viral genomes before or during encapsidation. 
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